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Abstract 

We analyze a simple extension of the Standard Model (SM) obtained by adding a complex 
singlet to the scalar sector (cxSM). We show that the cxSM can contain one or two viable cold 
dark matter candidates and analyze the conditions on the parameters of the scalar potential that 
yield the observed relic density. When the cxSM potential contains a global U{\) symmetry that 
is both softly and spontaneously broken, it contains both a viable dark matter candidate and the 
ingredients necessary for a strong first order electroweak phase transition as needed for electroweak 
baryogenesis. We also study the implications of the model for discovery of a Higgs boson at the 
Large Hadron Collider. 
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I. INTRODUCTION 



The Standard Model (SM) has been enormously successful in describing a plethora of 
electroweak and strong interaction phenomena, and many of its predictions, such as the 
existence of the top quark with a heavy mass as implied by electroweak precision data, have 
been confirmed experimentally. Nevertheless, the search for new physics beyond the SM 
has strong theoretical and experimental motivation. In this paper, we focus on the quest 
to explain the mechanism of electroweak symmetry breaking (EWSB) and the implications 
for two unsolved problems in cosmology: the nature of the non-baryonic cold dark matter 
(CDM) of the universe and the origin of the cosmic baryon asymmetry. The SM paradigm 
for EWSB, which relies on the Higgs mechanism with a single 577(2) doublet, has yet to 
be confirmed, and the lower bound Mh > 114.4 GeV obtained at LEP II lj] leads to 
some tension with the global set of electroweak precision observables (EWPOs) that favor a 
relatively light Higgs {2} [3] with M H = 84^24 GeV jl, 5]. From the cosmological standpoint, 
the identity of the CDM remains elusive, while the SM fails to provide the level of CP- 
violation or the strong first order electroweak phase transition (EWPT) that would be 
needed to explain the generation of baryon asymmetry during the EWSB era. 

Over the years, particle theorists have extensively studied a variety of specific scenarios 
for an extended SM - such as the minimal supersymmetric standard model - that address 
these questions. It is possible, however, that the results of upcoming experiments at the 
CERN Large Hadron Collider (LHC) will not favor any of the conventional extended SM 
scenarios, leading one to consider new possibilities that will address the open problems at 
the cosmology-particle physics interface. In this paper, we consider a simple extension of 
the SM scalar sector that illustrates the necessary ingredients of such a theory. The simplest 
extension (xSM) entails the addition of a single, real singlet scalar to the SM scalar potential. 
The phenomenology of such a model has been analyzed in earlier work {(], 7, 10, 11, l^ . 



It has been shown that in the xSM the real scalar S can either (a) provide a CDM candidate 
whose dynamics lead to the observed relic abundance, ^cdm = 0.1143 ± 0.0034 13j, or 
(b) lead to a strong first order EWPT as needed for electroweak baryogenesis, but not 
both simultaneously. Moreover, the latter possibility also allows for additional, light scalar 
contributions to the gauge boson propagators that alleviate the EWPO-direct search tension. 
In both cases, it is possible that the extended Higgs sector of the xSM could be identified 
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at the LHC, and the discovery potential has been analyzed in detail in Ref. 10|. 

Here, we consider the next simplest extension of the SM scalar sector obtained with the 
addition of a complex scalar singlet field, 8, to the SM Lagrangian (cxSM). We show that 
when the potential V(H,S) has a global U(l) symmetry that is both spontaneously and 
softly broken, it contains the ingredients needed to provide a viable CDM candidate, help 
generate a first order EWPT, and relieve the tension between the direct search bounds on 
ran and EWPO implications. We also analyze the conditions under which cxSM dark matter 
yields the observed relic density and study the corresponding implications for the discovery 
of at least one cxSM scalar at the LHC. In the absence of spontaneous symmetry breaking, 
the cxSM can give rise to a viable two-component dark matter scenario. Either way, we show 
that a combined Higgs boson search that includes both traditional and "invisible" modes can 
enhance the LHC discovery potential for SM extensions with an augmented scalar sector. 
Our analysis of the model is organized in the remainder of the paper as follows. In Section 
HT1 we discuss the potential and its vacuum structure, classifying the different possibilities 
for symmetry-breaking and summarizing the corresponding phenomenological implications. 
These possibilities are summarized in Table [H Section [TTTI gives the spectra of physical scalar 
states for each of the scenarios in Table [H In Section IIVI we summarize the constraints 
on the model parameters implied by electroweak data, collider searches, and astrophysical 
considerations. Section [V] contains our analysis of the relic density and implications for 
Higgs discovery at the LHC. We summarize the main features of our study in Section [VI] 

II. THE CXSM AND ITS VACUUM STRUCTURE 

The most general renormalizable scalar potential obtained by the addition of a complex 
scalar singlet to the SM Higgs sector is given by 



4 J ' \ 4 

+ (ML^1 S4 + c . c .) + (!*t%.| S |> + ex.) + *|S|' (1) 
where H is the 577(2) doublet field that acquires a vacuum expectation value (vev) 



and m? and A are the usual parameters of the SM Higgs potential. The value of the SM 
vev we adopt is v = 246 GeV. 

The form of this potential is equivalent to one obtained by addition to the SM Higgs 
potential of two real scalar singlets, corresponding to the real and imaginary parts of S. For 
our purposes, however, it is convenient to work with the complex scalar. In addition, the 
essential features of the cxSM scenario can be realized after simplifying V(H, §) through the 
imposition of two symmetries: 

(a) A discrete, § — > — § (or Z2), symmetry may be imposed to eliminate all terms con- 



taining odd powers of the singlet field S. In the case oit 
allows the singlet be a viable dark matter candidate 



re real singlet, this symmetry 
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(b) Requiring that V(H, §) possess a global U(l) symmetry eliminates all terms in Eq. ([!]) 
having complex coefficients (e.g. the Si, S3, ay, by, Ci, C2, di and d 3 terms). 

In our earlier work on the real scalar SM extension [k], [jjj], we found that one could 
generate a strong, first order EWPT and alleviate the direct search-EWPO tension by 
giving a zero-temperature vev to the real scalar field. As a result, the real scalar mixes with 
the neutral component of H, leading to two unstable mass eigenstates and no dark matter 
candidate. In the absence of a singlet vev, the real scalar singlet may be a viable CDM 
candidate but its presence does not affect EWPO. Moreover, it appears difficult to generate 
a strong first order EWPT in this case [l5| (see also Refs. 16, 17 1) 1 - 



In the present case, giving a zero temperature vev to § yields a massive scalar S that 
mixes with the neutral component of H and a massless Goldstone boson A that does not 
mix. Although the A is, therefore, stable, it is a massless degree of freedom that is not 
phenomenologically viable, as discussed below 2 . In order to obtain a viable CDM candi- 
date, we give the A a mass by introducing a soft breaking of the global U{1). We choose 



1 The authors of Rcf. [15( did obtain a strong first order EWPT with the addition of twelve real scalars 
having no vevs. These scalars contribute to the finite temperature effective potential solely through loop 
corrections. 

2 It also contributes to the number of effective relativistic degrees of freedom and would modify the effective 
number of light neutrinos in the early universe. 



the breaking terms that are technically natural and that do not generate additional soft 
symmetry-breaking terms through renormalization 3 . It is straightforward to see that the 
fei-term of Eq. ([T|) satisfies this requirement. However, retention of only this [/(l)-breaking 
term yields a potential having a discrete Z 2 symmetry. To avoid the possibility of cosmologi- 
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l22|, 



cal domain walls generated when this symmetry is broken by the vev of § 
we include the U(l)- and Z 2 -breaking linear term proportional to a\ as well. The resulting 
potential is 

l2 A 5. 



V c 



m 



cxSM 



—rfH + -(H*Hf + ^tfttf |§| 2 
2 4 V 1 2 11 



— S 2 



d 2 

T 



(3) 



laile^S + cc. 



Depending on the relative sizes of the terms in Eq. ([3]), we arrive at four distinct phe- 
nomenological classes of the complex scalar singlet model. We summarize these four cases 
here and in Table [B 

TABLE I: Summary of the four different phenomenological classes allowed by the potential of 
Eq. Here, S and A denote the real and imaginary components of S, defined with respect 
to its vev, (S) = vs/y/2. The SM Higgs boson is denoted by Hsm- The third column denotes 
the behavior of VcxSM under global U(l) symmetry: "C/(l)" indicates b\ = a± = while 
corresponds to b\ 7^ and (for B2) a\ 7^ 0. The fifth column gives the properties of each scenario 
relevant to the CDM abundance, while the final column summarizes the potential implications for 
LHC Higgs studies. 



Case 


Singlet VEV 


Symmetry 


Masses 


Stable states/Pheno 


Collider Pheno 


Al 


(S) = 


U(l) 


M s = M A / 


S, Aj identical 


h SM ^SS,AA 


A2 


(S) = 


W) 


M S ,A + 


S,A 


h SM ^SS,AA 


Bl 


(S) = v s /V2 


U(l) 


M s ^0,M A = 


A 


h S M-S mixing, H lj2 —> A A 


B2 


(S) = v s /V2 


W) 


M s ,a + 


A 


hsM-S mixing, Hi >2 — >• A A 



3 For example, the Si term in Eq. [T]can induce 2, 3 and 4-point vertices via SM Higgs loops. 
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Case Al: 

The first case imposes a global U(l) symmetry (a\ = b\ = 0) and does not allow the singlet 
field to obtain a vev. In this case, two fields corresponding to the real (S) and imaginary 
(A) degrees of freedom of S are degenerate due to the global U(l). The phenomenology 
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121 ]. except that an internal 



is similar to the real singlet case studied in Refs. 
charge is assigned to the singlet field. The singlet field becomes stable and is then a viable 
dark matter candidate. The associated effects of the singlet on the Higgs sector in collider 



searches for the SM Higgs boson are relevant for this case [lOj. 
Case A2: 

In addition to the U(l) conserving potential, we study the more general non conserving 
cases. One possibility is that (§) = 0, in which case we require a\ = while keeping bi ^ 0. 
While KxSM is Z 2 symmetric in this case, we encounter no domain wall problem since the 
discrete symmetry is not broken. 
Cases B1,B2: 

Here, the singlet obtains a vev. As a consequence, the field S is allowed to mix with 



the SM Higgs field. T 



the xSM 



10 



re resulting effects in the Higgs sector have been studied in detail in 
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24j. These effects are also generically found in other more complex 



models that predict a sea 



models 
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ar sing 
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et, such as the class of singlet extended supersymmetric 
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351 ] and Randall- Sundrum models where the 



radion-Higgs mixing is essentially equivalent to singlet-Higgs mixing [36|, [37J. The field A 
does not mix with the SM Higgs field in the U(l) symmetric scenario (Bl); it will in general 
do so for the t/(l)-breaking scenarios (B2) unless the CP- violating interactions are absent. 4 
Note that the spontaneously-broken U(l) symmetry of case (Bl) yields a massless Goldstone 
boson that could yield a relic warm or cold dark matter density. The presence of a stable, 
massive pseudo-Goldstone boson of case (B2) requires b\ ^ ^ a± as discussed above. When 
treating this case in detail below, we can without loss of generality redefine the phase of the 
complex singlet by S — > Se^ n ~^ ai \ which is equivalent to taking 



7T. 



4 It is possible that the presence of such interactions that are non-vanishing during but not immediately 
after the EWPT could affect the phase transition dynamics and CDM relic density. We suspect, however, 
that the impact on the relic density would be minimal since the dark matter (DM) freeze out temperature 
is typically well below that of the EWPT. 

5 The phenomenology of both cases Bl and B2 can also be obtained more generally in other versions and 
parameter ranges of the singlet models, such as in a Higgs-portal model [38| with the hidden sector 
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Global Minima: 

For the potential to have a global minimum we require that the potential is bounded below 
and that there are no flat directions. In what follows, we will take A > and d.2 > while 
allowing 5 2 to range over positive and negative values. When 62 is positive, the potential is 
bounded and there exist no flat directions. For 5 2 < 0, these requirements give the following 
restrictions on the quartic parameters 

A > 0, d 2 > 0, \d 2 > Si (4) 

It is convenient to represent the complex sing let as § = [x + iy] /y/2 and H = h/V2 to 
obtain the minimization conditions of the potential. We will always take <pb 1 = 7T. This 
allows us to impose simple conditions which ensure that the vev of y is zero, i.e. there 
is no mixing between the scalar and pseudoscalar mass eigenstates, as will be shown in 
Appendix This in turn implies that CP is not violated (The CP- violating case is not 
considered in the present study.). In the special case a± — the 4>b x = ^ condition is without 
loss of generality. With these simplifications we can write the minimization conditions of 
the potential as 



dV h ( o Xh 2 5 2 (x 2 + y 2 ' 
' m 1 



, (5) 



dh 2 V 2 2 

% -f(* + N + ^ + *£±2)-o . (?) 

These conditions allow four solutions, two of which allow the SM Higgs to accommodate 
electroweak symmetry breaking: (H)^0 and either (S) = or (§)^0. We next obtain the 
conditions under which these two cases arise: 
Vanishing singlet vev: 

As discussed above, this scenario requires a\ = 0. In order to guarantee that the ex- 
tremum at (v ^ 0, v s = 0) is the global minimum, we must ensure that (a) the eigenvalues 
of M s 2 calar , are positive and (b) either a secondary minimum with v$ 7^ cannot occur or if 
it does that it is not the global minimum. The first requirement is satisfied when m 2 < 
and 

5 2 v 2 /2 + b 2 > N • (8) 



symmetry being Z2 
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This requirement is easily seen from the form of 

M s 2 calar = diag {Ml Ml M\) , (9) 
after eliminating m 2 in terms of v in the {h, x, y} basis, where 

Ml = \\v 2 , (10) 

+ + ^ • (ID 

K = \u + ^ + ^- ■ (12) 

The conditions under which requirement (b) is satisfied are derived in Appendix lAl 
Spontaneously broken U(l): 

For this scenario, we take a\ ^ to avoid the possibility of domain walls, and we elim- 
inate m? and b 2 in terms of v, vs and the other parameters in the potential. With the 
aforementioned choice of phases, the singlet vev is purely real 6 . The resulting mass-squared 
matrix for the fluctuations about the vevs is 



( Xv 2 /2 8 2 vv s /2 ^ 



(13) 



5 2 vv s /2 d 2 v 2 s /2 + V2\ ai \/v s 
\ |&i| + V2\ax\/v s J 

We again require positive eigenvalues of the mass-squared matrix for fluctuations around 
the point (v 7^ 0,^5 7^ 0), leading to 



\v 2 + d 2 v 2 s + ^^ > J(\v^-d 2 v 2 -^^) 2 + A5 2 v 2 v 2 . (14) 



This condition is simplified to 



X(d 2 + 2 -^A) > 5 2 2 . (15) 

v s 

Using the methods described in Appendix |A] we find that there are no other conditions are 
needed to ensure that this point in the global minimum. 

The aforementioned conditions can be relaxed if the minimum is a metastable local min- 
imum rather than a global minimum. Although we do not consider this possibility here, 
we note that a viable, metastable minimum must be one with a sufficiently l ong lifetime 



and one into which the universe initially cools. We refer the reader to Refs. 
references therein for further details. 



39 



40| and 



6 The details of this result are explained in Appendix YK\ 
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III. SCALAR SECTOR SPECTRA AND COUPLINGS 



The different symmetry-breaking scenarios outlined above lead to distinct spectra for the 
scalar sector of the cxSM. Here, we delineate the various possibilities. 

A. Vanishing Singlet VEV 

In the case of a vanishing singlet vev, for which we set a\ — 0, the minimization conditions 
in Eq. (jSJ) can be used to relate the scalar masses to the parameters A, b\, b 2 , and v. The 
mass-squared matrix M s 2 calar is given by Eqs. (l9l fT^|) . In this case none of the neutral scalars 
mix with each other, and we obtain a two-component dark matter scenario. Moreover, if we 
set the U(l) breaking parameter, bi, to zero, Ms = Ma due to the restored U(l) symmetry. 
In the limit of a small b\, the singlet mass splitting parameter 



M A -M S 






Ma + Ms 




2b 2 + 5 2 v 2 



(16) 



provides a useful handle on the contribution of S to the total CDM relic density. For 
large values of d 2 the annihilation process AA — > SS will reduce the density of A after S 
freezes out in the early universe unless A is small so A and S freeze out at nearly the same 
time. Hence only for A 0.1 does Odm receive significant contributions from annihilations 
of S (c.f. Fig. II). 

B. Singlet VEV 

When the singlet field obtains a vev, the masses are given by the eigenvalues of M s 2 calar 
in Eq. ffT3]) . For the U(l) symmetric potential, M 2 calar has one vanishing eigenvalue, cor- 
responding to the Goldstone boson of the spontaneously broken global symmetry. The 
remaining real scalars H i 2 are mixtures of H and S, and neither is stable. Because we are 
interested in the possibility of scalar dark matter, we will not consider this case in detail 
and concentrate instead on the situation in which the global U(l) is both spontaneously and 
explicitly broken. From Eq. (fT9l) . we note that the parameters b\ and cti give a mass to the 
A. As discussed above, because we have taken these parameters to be real and M\ > 0, the 
A remains stable and is a candidate for scalar dark matter. The corresponding masses and 
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mixing angles are given by 



M 



Hi 



M 



H 2 



M\ 



tan 2(f) 



Xv 2 

~T 

MP 
4 



d 2 v 2 s y/2\a-i\ 



4 

d 2 v 2 s 
4 

V2|ai| 

v s 
S 2 z 



2v s 
V2\ ai \ 



\ 



2v< 



+ 



\ 



A - 5 gj 2 2 -3— 



Xv' 



d 2 v 2 s 



V2\ai\ 



2v, 



Xv' 



d 2 v 2 s 



y/2\a x \ 



2vc 



where z = v$/v is the relative size of the singlet vev. 



+ 



5 2 v 2 % 



5 2 v 2 % 



(17) 

(18) 

(19) 
(20) 



C. Annihilation and the Relic Density 

When vs = 0, annihilation processes involving both the S and the A are important for 
determining the CDM relic density. The Feynman diagrams for this case, shown in Fig. [T], 
are similar to those for dark matter composed of a single, real scalar singlet. The difference 
in the present instance is that two singlets appear, and when the magnitude of A is relatively 
small, contributions from both species can have a significant impact on the relic density. 




FIG. 1: Annihilation processes that contribute to the thermally averaged cross section for the 
two-component scalar DM scenario (ys = 0). Here, H is the SM Higgs boson, / is a SM fermion, 
and V is any of the SM gauge bosons. The fields S and A are quanta created by the real and 
imaginary parts of §, respectively. 



When vs 7^ 0, only the A is stable. One must take now into account the presence of two 
massive, unstable scalars H\^ 2 into which pairs of A scalars may annihilate: AA <-> HiHj 
with i and j running over the labels 1 and 2. The corresponding diagrams are shown in Fig. 

El 
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FIG. 2: Annihilation processes that contribute to the thermally averaged cross section for the case 
of the singlet vev. All processes are mediated via the two Higgs eigenstates. The notation is as in 
Fig. [H except that Hj (j = 1, 2) denote the two unstable neutral scalars. 



IV. CONSTRAINTS 

When analyzing the collider and dark matter phenomenology of the cxSM, we consider a 
number of constraints implied by direct searches for new scalars, electroweak precision data, 
and astrophysical observations. 

A. Collider constraints 



(i) The LEP-II experiments constrain the ZZ(j) coupling for light [4l|. If the mass of 
the scalar field is below 114 GeV, the coupling must be reduced below the SM Higgs 
coupling to Z bosons, which may be achieved in this model through singlet-Higgs 
mixing. Such mixing is only present within the complex singlet model if the singlet 
obtains a nonzero VEV. 

(ii) The limit on new physics contributions to the invisible Z width is 1.9 MeV at 95% 
C.L. 0, [25)]. The contribution, from the decays Z — > Z*H* — > vvSS and vvAA are 
many orders of magnitude below this limit. 

(iii) The mixing of the neutral SU(2) and singlet scalars affect electroweak precision ob- 
servables (EWPO) through changes in the gauge boson propagators. Since EWPO 
favor a light SM Higgs boson, any singlet that is sufficiently mixed with the SM Higgs 
boson is also favored to be relatively light [ji], Qj- 

(iv) For a very light state that mixes with the SM Higgs field, the amount of mixing can 



be severely limited by experimental limits on B — > HiX and T — > decays 8|, |42] 
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The mass ranges for the lightest Higgs state we consider do not go into the region 
where these constraints are relevant. 



B. Astrophysical constraints 

(i) One of the most rigorous constraints that can be applied to these models are the limits 
from the WMAP 5- year survey and spatial distribution of galaxies on the relic density 
of DM [13] 

n DM h 2 = 0.1143 ±0.0034 , (21) 

provided the cxSM contribution to the relic density does not exceed this bound. The 
Hubble constant is h — 0.701 ± 0.013. The subsequent results for the relic density we 



provide are calculated using Micromegas 2.0 431 ] . 



(ii) The limits on the elastic cross section from DM scattering off nuclear targets have 



considerably improved in the last few years. Present limits from XENON 10kg [44 j 
and the CDMS five-tower experiment are the most stringent spin-independent 
scattering with a lowest upper bound of 4 x 10~ 8 pb. The Super Kamiokande exper- 
iment j^f], l^] places a bound on the spin-independent and spin-dependent scattering 
cross-sections of order 10 -5 pb and 10~ 2 pb, respectively. Scalar DM predicts a van- 
ishing spin-dependent elastic cross section. 

(iii) If the present baryon asymmetry in the universe has an electroweak origin, the singlet 
may aide in ensuring a sufficiently strong first order EWPT. We do not rigorously 
apply constraints from this sector on the parameters, but observe that the presence 
of the quartic interaction H^H \E>^can lead to the requisite phase transition provided 



that the coupling 62 is negative 



14| . We discuss this region of parameter space and 



the corresponding implications for the DM relic density below. 

(iv) Observations of the Bullet cluster may be used to place a constraint on the quartic 
DM coupling 7 . Accordingly, the DM scattering cross section over the DM mass must 



7 For massive DM the quartic coupling is the singlet parameter di. However, for massless DM the quartic 
coupling appears through radiative loops. 
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be less than 1.25 cm 2 /g 48j. Using similar methods as Refs. ( 49|, [50|) we obtain the 
following constraint on the DM mass and quartic coupling gr>M 



^ > 2 x 1(T 5 GeV 3 
9dm 



(22) 



If we take the quartic couplings to be qdm = v47r this constraint only excludes 
Mdm < 64 MeV, which is well below the range of DM mass that we study. In 
particular, the scenario with a massless, self-interacting scalar [case (Bl) of Tabled] is 
ruled out. 



V. SCALAR SECTOR PHENOMENOLOGY 

We now detail the phenomenological consequences of the four classes of the complex 
singlet sector. 



A. Two Component DM: U(l) symmetric scenario 



If the i7(l ) symmetry is imposed, the cxSM is equivalent to a model with two real singlets 



re phenomenology is similar to 



12J and elsewhere. For example, 



of the same mass and internal charge assignment. Much o: 
that of the xSM as discussed in Refs. 
the two real singlets couple to the SM via their interactions with the Higgs boson, and they 
can play important roles in Higgs searches. Specifically, the branching fractions of Higgs 
boson decays to SM fields may be reduced due to dominant decays to singlet pairs, resulting 
in large missing energy in the events. If the decay to a singlet pair (or "invisible decay" ) 
is allowed, the usual SM search modes would have a substantially reduced likelihood for 
observing a signal. However, the Higgs decay to invisible states channel may itself be a 
promising search mode for the SM Higgs boson 5l|, |52|, l53|. 

In addition to its impact on collider searches, the stable singlet can serve as a viable 
DM candidate that correctly reproduces the relic density yet evades present direct detection 
bounds [101. 
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B. Two Component DM: Explicit U (1) breaking 

Explicit breaking of the U(l) symmetry forces the singlet masses to split, with the size 
of splitting dependent on the magnitude of the symmetry breaking parameter, b\ (recall 
that di must vanish when v$ = 0). Both states are stable, with the lightest being the DM 
candidate. In the early universe, the heavier state annihilates efficiently into the lighter 
state for large values of d<i effectively eliminating it unless A is small. For small values of 
g?2 the contribution from the heavier state to the overall relic density will depend more on 
annihilations to SM particles. In the limit that b\ — > 0, both states annihilate equally and 
freeze out at the same time resulting in a relic density that is double the case with only 
one real singlet. This effect is shown in Fig. [3] for Mn = 120 GeV, 62 = 50000 GeV 2 , and 
d>2 = 1. In the relic density plot we can easily see the Higgs pole which occurs at a DM 
mass of 60 GeV. Other features can be seen in the relic density as we get dips when new 
annihilation channels open 8 , increasing the annihilation cross section and thus decreasing 
the relic density. In particular, one must have 62 > 0.1 in order to avoid overproducing the 
relic CDM density, except for DM masses in the vicinity of the Higgs pole. 



Relic Density vs. M s 

Relic Density vs. Mass Splitting 




Mass Splitting A M s (GeV) 



FIG. 3: Relic density variation with the mass splitting parameter A. We show a few illustra- 
tions with the singlet-higgs coupling parameter 62 = 0.01,0.05,0.1 and 0.5. With the choices of 
parameters we made each curve corresponds to a constant sum of the singlet masses squared: 
M 2 s + M\ = b 2 + 5 2 v 2 /2. 



New annihilation channels open when Ms increases. For our scan in Fig. [3] and Eq. [16] this corresponds 
to decreasing mass splitting. 
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In Fig. __ we show the contributions of the two singlets to the total relic abundance. As 
the mass splitting approaches zero we get a significant contribution from the heavier singlet 
A. In the limit that the mass splitting approaches zero the relic density from A is the same 
as that from S. The doubling of the relic density at A = can be attributed to summing 
over the two U(l) charges. 

Relic Density Contributions 

0.4 



0.3 

< 

cf 

'I 0.2 
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S, 
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"0 0.05 0.1 0.15 0.2 
Mass Splitting A 

FIG. 4: Relic density contributions from both singlet particles. At low mass splitting there are 
contributions from both S and A to the total relic abundance. 
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In Fig. _3 we show the predicted direct detection rates from DM-proton elastic scattering 
for the values of S2 = 0.01, 0.05, 0.1 and 0.5. The 62 parameter influences the Ms, Ma mass 
splitting and the couplings among the Higgs and singlets. The cross sections in Fig. __ 
are scaled with the calculated relic density relative to that measured by the WMAP 5-year 
result [l_| in order to properly compare the predicted cross sections with those given by direct 
detection experiments, which present their results assuming the observed density. Because 
of this scaling the scattering cross section closely follows the relic density. Note that current 
direct detection limits exclude DM masses below ~ M#/2 for all values of 62 assuming that 
the scattering cross section scales with the relic density <Js-p — > a s-p x (^dm^ 2 /0.1143). 

The impact of the two stable states in this model on Higgs searches at the LHC is 
pronounced, but not radically different than the case of one real singlet. If the singlets are 
light enough to allow the decays h — > AA and/or h — > SS, the branching fractions of the 
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Scaled Cross Section vs. DM Mass 
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FIG. 5: Elastic scattering cross section off proton targets for the curves shown in Fig. [3l appropri- 
ately scaled to the relic density. Direct detection curves from current and future experiments are 
also displayed. 



Higgs boson to SM particles is reduced to 



^h S i 



BF(H - X SM ) = BF(h SM X SM ) ^ - ^ - s ™ - ^ - , (23) 

where the partial widths to singlet pairs are given by 



T(H^SS) = ^^Jl-^$, T(H^AA) = ^^Jl-^$ . (24) 

The U(l) breaking does not change the interaction between the singlet fields and the 
Higgs so the HSS and HAA couplings are identical 

9HSS = 9 HAA = —^ 2 v . (25) 
The only difference between the relative decay rates is due to the different masses. 



C. Massless DM: Spontaneous U(l) breaking 

As discussed above, spontaneous breaking of the global U (1) symmetry leads to a massless 
Goldstone boson. Such a massless propagating mode has severe constraints from big bang 



1(3 



nucleosynthesis 9 [54|, |55( and the Bullet cluster, as discussed in Section HVl 



D. Single Component DM & the EWPT: Spontaneous and soft U(l) breaking 

The scenario allowing for the richest array of physics possibilities for both cosmology 
and collider phenomenology involves the simultaneous spontaneous and explicit breaking of 
the global U(l) symmetry. As indicated earlier, one obtains two massive, unstable scalars 
(#1,2) that involve mixtures of the h$M an d S and one massive stable scalar (A) that can 
contribute to the CDM relic density. Moreover, the presence of a non-vanishing singlet vev 
at zero temperature has been shown to allow for a strong, first order EWPT as needed 
for successful electroweak baryogenesis under appropriate conditions for the doublet-singlet 
interaction terms in the potential, Kxsm Ql- 

Beginning with the collider implications, we recall that the production cross-sections of 
these scalar states may be smaller than the corresponding SM Higgs. The signal reduction 
factor of a traditional Higgs decay mode X$m is 

£? = Rl x BF(^ - X SM ) , (26) 

where 

{cos 6 i = 1 
(27) 
sin (ft i = 2 

is the SM Higgs component of the state i and the mixing angle <j) is given in Eq. 
In practice, we may take the magnitude of a\ such that |ai| <C d,2(zv) 3 = d,2Vg while still 
avoiding the presence of domain walls. For either small 82 or small z, the mixing angle 
can be small, and the predictions are hard to distinguish from the SM. The proper decay 
length of the dominantly singlet scalar can be comparable to the size of the detector for very 
small (j), but the mixing would need to be less than 10" 6 to produce observable displaced 
vertices 10(j . For even smaller mixing, the singlet may be a metastable state which can 
complicate the relic density constraints as it could account for a fraction of the dark matter 
in the universe today. In this extreme case the mixing to place the lifetime of the singlet 



state comparable to the age of the universe is \(f>\ < 10 
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Though it is possible to avoid big bang nucleosynthesis constraints, as shown in Ref. 23 1 
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The combination of mixing between the SM Higgs and the CP-even singlet along with 



decays to invisible CP-odd singlet states can make Higgs searches at the 
This scenario mimics the nearly minimal su persy mmetric standard model 



singlet extended supersymmetric model 
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HC challenging. 



31 



32 



35 



57 



58 



56) of the 



591 ]. with a tadpole singlet term in 



the superpotential. In the nearly minimal supersymmetric standard model the singlet-Higgs 
mixing and the Higgs decays to invisible singlino dominated neutralino states reduce the 
discovery potential of the Higgs boson at the LHC. 



Combined visible channels, CMS, 30 fb 



Invisible channel, ATLAS, 30 fb 
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FIG. 6: Mixing parameter ranges (shaded) that can yield 5cr discovery of a scalar boson through 
(a) traditional Higgs discovery modes at CMS for 30 fb -1 of data and (b) invisible SM Higgs search 
modes at ATLAS with 30 fb" 1 of data. In part (a) the quantity £ 2 is defined in Eq. 



Using the expected significance of the CMS and ATLAS detectors for detection of a SM 
Higgs signal, we can estimate the range of Higgs-singlet mixing that would allow at least a 
5cr significance discovery with 30 fb" 1 of data 10 . In Fig. Eh, we show that region from visible 
channels for the CMS experiment, given in terms of £ 2 , the signal reduction factor defined 
in Eq. (1261). 

The LHC also has sensitivity to a Higgs boson that decays to states which escape without 



detection 5l| . which in our case is the massive stable scalar A. If the Higgs boson is 



produced in weak boson fusion, the sign of missing px and the azimuthal correlation of the 



10 This is based on scaling the significance of the Higgs signal with the reduction factor, £ 2 , at the LHC for 



30 fb 1 given in the CMS TDR 60(. We have not included effects of systematic uncertainties. 
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forward jets can allow the signal to be extracted from the QCD and electroweak W, Z + jj 
background. The reach for a SM Higgs boson decaying to invisible states is given at the 



ATLAS detector with 30 fb _1 of integrated luminosity as the shaded region in Fig. [6b 53j. If 
mixing is present, the invisible branching fraction reach is weakened. The minimum invisible 
branching fraction (BF) needed for a 5a discovery must be larger than for a pure SM-like 
Higgs scalar as 

(Hi -> Invisible) = -^-BF min (h S M -> Invisible) , (28) 

where the R^ term reflects the change in production strength of H^. 

To estimate the reach at the LHC when both visible and invisible decays can occur, we 
show in Fig. [7J the Higgs boson discovery potential at the LHC at 30 ftr 1 for the visible 
Higgs search at CMS and for the search at ATLAS via the invisible decay modes with Higgs 
state masses = 120, 160, 250 and 400 GeV. We also show the combined search limit. 
In combining the search limits, we do not take into account systematic effects that may be 
dominant at small signals. 

The two Higgs mass eigenstates have complementary SM Higgs fractions, with the small- 
est possible value of the Higgs fraction of the SM-like state being = |. Thus from Fig. 
[7J the prospects for observing at least one Higgs boson are good for < 160 GeV since 
R\ x = | is contained entirely within the three discovery regions. 

When additional non-SM Higgs decays are possible, the statistical significance of the 
Higgs signal in traditional modes is given by Eq. [26j which can be re-expressed as 

i} = Rl [1 - BF(H - A)] , (29) 

where A represents any state that is not a SM decay mode of the Higgs boson. 

For example, when the H 2 — > H\H\ — > ^Xsm decay mode is detectable and visible, the 
reach from the traditional search modes will be reduced by the signal reduction factor in 
Eq. [251 For similar reasons, the invisible decay reach of Eq. will be altered to 

BF min (h S M -» Invisible) 

Rl(l - BF(H 2 -> H X H X )) ' 1 j 

where the new term describes the decrease of the effective strength of producing an invisible 
decay due to the additional decay H 2 — > H\H\ 11 . To illustrate this effect, we show in Fig. [8] 



ii 



Note that this reduction can be more generally applied to any other decay mode which steals the signal 
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FIG. 7: Higgs boson 5a discovery potential at the LHC at 30 fb" 1 through the traditional Higgs 
search for rrth = 120, 160, 250 and 400 GeV at CMS (coverage indicated by the red shaded re- 
gion) and the search at ATLAS via the invisible decay modes (blue region). We also show the 
improvement from combining visible and invisible limits (gray region). 



the reach of the traditional search and invisible search combined if the splitting decay occurs 
with a branching fraction of 40%. 

The presence of the Higgs splitting mode does reduce the Higgs discovery potential in 
this example drastically. However, it is expected that with higher luminosity over the 30 
fb -1 assumed here, discovery via visible modes may still possible. Further, discovery via the 



Higgs splitting mode itself is also an interesting alternative in such cases 63|, [64 ] . 



from H — > Xg]\j or H — > Invisible such as H — > 6j in i?-parity violating SUSY models 61|, or displaced 
Higgs decays in Hidden Valley models [62 1. 
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FIG. 8: Same as Fig. [7] except with BF(H 2 -> #i#i) = 0.4. 



To study the dark matter phenomenology of this model we set the parameters A, 62, and 
bi so that the lightest Higgs eigenstate has a mass of 120 GeV, the mixing between the Higgs 
eigenstates is fixed at a few selected values, and the dark matter mass is fixed. We then 
scan over the only remaining free parameter di which effectively is a scan over the mass of 
the heavier Higgs eigenstate. The results of these scans are shown in Fig. O The results 
point to an interesting connection with EWPO, which favor the presence of an additional 
light neutral scalar that mixes strongly with the neutral SU(2) scalar. The analysis of 
Refs. HQ suggests that the region with Mh 2 < 200 GeV is favored when sin 20 is nearly 
maximal. Combining these considerations with the results from Fig. [9j we observe that the 
scenarios with relatively light scalar DM would be favored, as they allow for Mh 2 < 200 
GeV and large mixing without overproducing the relic density. 
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FIG. 9: Scan over the heavier Higgs eigenstate mass with the lighter Higgs mass fixed at 120 GeV. 
The DM mass and mixing between the Higgs eigenstates are fixed at selected values. For all three 
values of Ma the effect of the H2 pole is evident. 
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An interesting feature of this scenario is the relation between the parameter <5 2 that 
governs the relic density and the strength of the EWPT. In order to prevent the washout of 
the baryon asymmetry produced during the phase transition, one must satisfy the inequality 

, (31) 

where Tc is the critical temperature and v(T) is the SU(2)l vev at temperature T. It 
has long been known that the LEP II direct search bounds on the SM Higgs mass preclude 
the SM scalar sector from satisfying this inequality. However, it was shown in Ref. 14j that 
the addition of one real, singlet scalar to the SM Higgs sector could satisfy Eq. (l3Tj) while 
yielding a SM Higgs with mass greater than 114.4 GeV. Since the cxSM analyzed here shares 
many features with the real singlet scalar extension of Ref. [ijj] (the "xSM"), we refer to 
the results of that study in order to evaluate the prospects for a strong first order EWPT. 
In doing so, we note the similarities and differences between the cxSM and the xSM: 

(i) The real singlet scenario also includes cubic terms in the zero temperature poten- 
tial (before spontaneous symmetry-breaking) that we have not included here. As we 
discuss below, however, these cubic terms are not essential ingredients for a scalar 
extension that satisfies inequality (13"T]) . 

(ii) The quartic interaction 52(H Jf H)\E>\ 2 /2 includes a quartic coupling (H^H)S 2 that also 
appears in the xSM and that was shown in Ref. [ijj] to drive a strong first order EWPT 
for appropriate values of the coupling, even in the absence of cubic interactions between 
the singlet and SM doublet. In what follows, we amplify on this point. 

(iii) The presence of the additional degree of freedom with the complex scalar (the A) that 
becomes the dark matter scalar will also generate an additional one-loop contribution 
to the finite temperature effective potential beyond those included in the analysis of 
Ref. [lij]. We do not anticipate this addition to have a significant impact on the finite 
temperature analysis, as the dominant effect of the new scalars are primarily via the 
tree-level terms in the potential. 

Having these features in mind, we now discuss the prospects for a first order EWPT in 



the cxSM universe. Assuming that (§) = for T > T c , Eq. ( l3Tj) implies that 



3 



16-EsM 



2\ (T C ) + 45 2 tan 2 a c + d 2 tan 4 a c 
23 



>1 , (32) 



where E$m is the coefficient of the cubic term in the finite temperature effective potential 
generated by gauge boson loops, Ao is the corresponding coefficient of the quartic power of 
the SU(2)l classical field 12 , and 

Vs(Tq) 

tana c = . (33) 

v(Tc) 

In the SM, one has tan otc = as there is no singlet contribution to the effective potential. 
Given the value of computed to one-loop order in the SM and the relation between Ao, 
v(T = 0), and the SM Higgs boson mass rrin, one finds that m# < 45 GeV in order to 
satisfy the criterion f[3"Tj) . The results of non-perturbative analysis of the effective potential 



increase this upper bound to roughly 70 GeV 65J. In order to obtain a strong first order 
EWPT and a mass of the Higgs boson consistent with the LEP II direct search, one may 
exploit the terms in the denominator of Eq. fl32l) . In particular, choosing a negative value 
for 5 2 can reduce magnitude of the denominator, relaxing the requirements on the value of 
Ao that governs the Higgs boson mass. The numerical analysis of Ref. [l^] applied to the 
SM extension with a single, real singlet scalar indicates that one could satisfy the criterion 
of Eqs. ( 13T1 1321) for > 82 > — 1 and values for vs ranging from a few GeV up to order 100 
GeV while satisfying the requirements of the boundedness of the potential and the LEP II 
lower bound on the Higgs boson mass. 

To analyze the compatibility of this scenario for EWPT with cxSM scalar dark matter, we 
have computed the relic density for negative values of 82- The results are shown in Fig. ITTJl 
where we plot Qdm^ 2 vs. Ma for selected values of 82 ■ The left panel gives the results for 
vs = 100 GeV, with Mh 1 = 120 GeV and Mh 2 = 250 GeV. The right panel corresponds to 
a much smaller singlet vev, v$ = 10 GeV, with M^ 1 = 120 GeV and M^ 2 = 140 GeV. 

In both cases, the dips in the relic density correspond to resonantly-enhanced annihilation 
rates at Mjj t = 2Ma- Moreover, we find that the sign of 82 has little effect on the relic density. 
The only noticeable difference in the relic density between positive and negative values of 82 
occurred for DM masses between the Higgs masses where interference terms in the process 
AA — > HiHj would be present, though the effect of these interference terms was very small. 
More importantly, the results show that one may obtain the observed relic density in the 
cxSM for a broad range of values for vs and either sign for 5 2 - These ranges of parameters are 



12 The corresponding condition is given in Eq. (4.11) of Ref. Here, we have chosen a different 

normalization for the Higgs quartic coupling, leading to the factor of 16 rather than four in the numerator. 
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consistent with those identified in the Ref. [ijj] that lead to a strong first order EWPT and 
a Higgs scalar having a mass above the LEP II direct search bound. Thus, it appears quite 
possible that the cxSM will accommodate the observed relic density, the EWPT needed for 
successful electroweak baryogenesis, and the present constraints from collider searches and 
electroweak precision data. 




S 2 = +/- 0.01 
8, = +/- 0.05 
8, = +/- 0. 1 
8 =+/-0.5 



FIG. 10: Relic density as a function of Ma for selected values of the quartic coupling 5%. The left 
panel corresponds to the choice vs = 100 GeV, while vs = 10 GeV for the right panel. 



VI. CONCLUSIONS 

The cxSM analyzed here presents a rich array of possibilities for addressing outstand- 
ing problems at the particle and nuclear physics-cosmology interface. When the model 
contains a global U(l) symmetry that is softly but not spontaneously broken, it yields a 
two-component DM scenario that is relatively simple compared to others discussed recently 



in the literature 



When the U(l) symmetry is both spontaneously as well as 
softly broken, we obtain a single-component DM scenario that also contains the necessary 
ingredients for a strong, first order EWPT as required for successful electroweak baryoge- 
nesis. When the scalar dark matter is relatively light, the latter scenario also allows for 
mixing between the real component of the singlet field and the neutral SU(2) scalar without 
overproduction of the relic density. This mixing of the real fields can alleviate the tension 
between direct search lower bounds on the Higgs boson mass and EWPO that favor a light 
SM-like scalar. 

These features of the cxSM would remain academic in the near future if it could not be 
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discovered at the LHC Indeed, mixing between the neutral SU(2) and real singlet scalars 
tends to weaken the LHC discovery potential for a light scalar when only traditional Higgs 
search modes are considered. As we have shown above, however, a combination of both these 
traditional modes and the invisible search channels can allow one to probe nearly all the 
phenomenologically interesting parameter space of the model in the early phases of the LHC 
in the absence of significant Higgs splitting decays. Additional luminosity should ultimately 
allow one to search for the cxSM even when such splitting modes are present. In short, this 
scenario appears to be simple, interesting from the standpoint of cosmology, and testable. 
As such, its discovery could yield new insights into the puzzles of symmetry breaking in the 
early universe. 
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APPENDIX A: GLOBAL MINIMA AND COMPLEX SINGLET VEVS 

To find the global minimum of the potential we first need to satisfy the minimization 
conditions 

dh 2 V 2 2 J K ' 

9V x /, „ . 5 2 h 2 d 2 (x 2 + y 2 )\ r . 

9V y /, „ . 5 2 h 2 d 2 (x 2 + y 2 )\ fk s 

_ = |^ +N + ^- + jL_»ij = o . (A3) 

For each of the cases we are studying, a\ = and a\ ^ 0, there are several solutions 
apart from the solution that gives the global minimum: (vq ^ 0, v x = 0, y = 0) for a± = 
and (vq 0, v x ^ 0, y = 0) for a± ^ 0. We first use the minimization conditions to solve for 
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m 2 for both cases and b 2 for the a± 7^ case and obtain the following: 

<=o = (A4) 



m 2 = -^°-« 6 2 = | &1 |-^-^ + ^H (A5) 
ai ^° 2 2 1 1 2 2 v, 



We assume for each case that the point under consideration is a minimum so the eigenval- 
ues of the respective mass-matrices are required to be positive (Eq. [8] for a\ = and Eq. [15] 
for ai 7^ 0). We use the positivity requirement on the mass-squared matrix eigenvalues to 
rule out alternative solutions as minima of the potential. 

When it is possible for a solution to be a minimum, we can exclude it from being the 
global minimum by comparing the value of the potential with that conjectured to be the 
global minimum. 

Following the above method of analysis, there is only one other solution in the oi = 
case that could possibly be a minimum, namely, the point v — 0, v x 7^ 0, y = 0. If one of the 
two following conditions fails then this point is not a minimum: 

5 2 v 2 > AM 2 S , (A6) 
6 2 (6 2 v 2 - 4M§) > \d 2 vl . (A7) 

If both of these conditions are satisfied then the point (v = 0, v x 7^ 0, y = 0) is a minimum. 
It is not the global minimum if 

\d 2 v* > {5 2 vl - 4M|) 2 . (A8) 

In the di 7^ case, all possible alternative solutions either have a negative eigenvalue of 
the mass-squared matrix or is not the global minimum. Hence, for di 7^ no extra conditions 
are needed to ensure that the point (vq 7^ 0, v x 7^ 0, y = 0) is the global minimum. 
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